The primary stability achieved during total hip arthroplasty determines the long-term success of cementless acetabular cups. Pre-clinical finite element testing of cups typically use a model of a single patient and assume the results can be extrapolated to the general population. This study explored the variability in predicted primary stability of a Pinnacle 1 cementless acetabular cup in 103 patient-specific finite element models of the hemipelvis and examined the association between patient-related factors and the observed variability. Cups were inserted by displacement-control into the FE models and then a loading configuration simulating a complete level gait cycle was applied. The cohort showed a range of polar gap of 284-1112 mm and 95th percentile composite peak micromotion (CPM) of 18-624 mm. Regression analysis was not conclusive on the relationship between patient-related factors and primary stability. No relationship was found between polar gap and micromotion. However, when the patient-related factors were categorised into quartile groups, trends suggested higher polar gaps occurred in subjects with small and shallow acetabular geometries and cup motion during gait was affected most by low elastic modulus and high bodyweight. The variation in primary stability in the cohort for an acetabular cup with a proven clinical track record may provide benchmark data when evaluating new cup designs. ß
Successful total hip arthroplasties are effective surgical interventions for relieving hip pain and disability and restoring some patients to near full function. However, the acetabular cup is still considered the weak link 1 and it has been reported that acetabular components have higher revision rates than femoral components. 2 Aseptic loosening is the most common indication for revision for cementless cups and is predominantly due to a lack of primary stability following the procedure. 3 Primary stability allows the patient to bear weight until permanent secondary stability is achieved as a result of bone ingrowth into the porous surface. However, excessive micromotion at the bone-cup interface 3 and large interfacial gaps 4 may delay, inhibit, or prevent bone ingrowth. Successful cementless cups are robust to significant variations in geometry and bone quality between patients that are influenced by a range of patient-related factors such as gender, age, and obesity level. During the development of new acetabular cups, testing regimes must consider the variation between patients in order to screen out poor designs prior to clinical trials. In vitro studies are commonly used to assess the primary stability of cementless cups in cadaver specimens. However, the availability of human tissue specimens is limited and studies typically have small sample sizes which leaves them statistically underpowered to make conclusions on the performance of a prosthesis in the wider patient population. 5 Therefore, in vitro testing is limited in accounting for patient variability when the primary stability of acetabular cups is to be explored. Computational studies, particularly, Finite Element (FE) modeling, allows for input parameters to be easily adjusted and tested in hemipelvis models generated from Computed Tomography (CT) images. In pre-clinical testing, this advantage allows the primary stability of different acetabular cups to be assessed in same set of subjects. However, some FE studies concentrate on one subject [6] [7] [8] and use simple parametric studies to assess the primary stability of a cup. 9 While these studies begin to capture some aspects of patient variability, they do not consider the full spectrum of anatomical and material variation found in the population.
Larger sample sizes are required in order to account for patient variability when assessing the primary stability of cementless cups in pre-clinical FE studies. With four hemipelvis models, Clarke et al. 10 demonstrated that bone anatomy was highly influential on the micromotion of metal-on-metal cementless cups. While this is indicative of the need for including multiple subjects in FE studies, this is a significantly smaller sample size than would be expected in equivalent in vitro studies or clinical work to investigate patient variability and there are limits to how much the results can be extrapolated to the population. 11 Previously, studies comprising of large cohorts of FE models have investigated load transfer in a femoral resurfacing prosthesis 12 and the primary stability of cementless tibial trays 13 and short femoral stems.
14 By using a large number of subjects, the spread of primary stability in a cup can be predicted and allow statistically meaningful analysis to be performed on the influence of patient-related factors. If the variation in primary stability of a cementless acetabular cup with a proven clinical track record in a large cohort of subjects is known, it can provide a benchmark for new designs in the pre-clinical stage.
The aim of the present study was to explore the predicted primary stability of a cementless cup associated with long-term clinical success in a representative cohort of patient-specific FE models and to investigate the association between patient-related factors and the observed variability.
METHODS
The study was based on CT scans collected as part of the Melbourne Femur Collection and comprised of 103 (50 males and 53 females) cadavers with no obvious signs of hip disease with age 74.6 AE 9.9 years and bodyweight 72.6 AE 15.7 kg ( Table 1) . The scans were obtained with an Aquilion 16 MDCT scanner (Toshiba Medical Systems Corporation, Tokyo, Japan) through a helical scan protocol and typical settings for clinical examination (tube current: 180 mA, 120 kVp). The slice thickness was 2.0 mm and the spacing was 1.6 mm. The in-plane pixel dimensions were 0.976 Â 0.976 mm. Patient-specific hemipelvis volumes were segmented from the CT scans (ScanIP, Simpleware Ltd., Exeter, UK) and then meshed with linear tetrahedral elements with an average edge length of 0.75 mm.
Inhomogeneous material properties for cancellous bone were extracted from the CT data. The density of the marrow in the medullary canal of the femur was considered to be equivalent to the density of water and the lowest Hounsfield Unit (HU) in the canal was assigned an apparent density of 0 g/cm 3 . The highest HU in the femur was considered to be cortical bone and assigned an apparent density of 1.73 g/cm 3 . 12 A linear relationship between the apparent bone density r app À Á and the HUs was established based on these two correspondences. The relationship between the apparent bone density and the cancellous bone elastic modulus E bone ð Þ was determined by an empirical power relation. 
The cancellous bone was assigned a Poisson's ratio of 0.2. 16 The hemipelvis was modeled as a sandwich structure 17 and the outer cortical layer was represented by shell elements of 1.5 mm thickness. 18 The cortical bone was assigned an elastic modulus of 17 GPa and Poisson's ratio of 0.3. 19 Each hemipelvis was rigidly fixed at the pubic symphysis and sacroiliac joint.
The geometries of the Pinnacle 1 (DePuy Synthes) acetabular shell, polyethylene liner, and prosthetic femoral head were used to represent the cementless cup in this study. The titanium alloy (Ti-6Al-4V) acetabular shell was assigned a Young's modulus of 115 GPa and Poisson's ratio of 0.3.
Surface-to-surface contact was modeled for the cup-bone interface and a coefficient of friction of 0.5 was assigned to represent the frictional properties of porous coated surfaces. 20 The polyethylene liner had an elastic modulus of 700 MPa and Poisson's ratio of 0.45. The interface between the liner and the acetabular shell was assumed to be fully bonded. The prosthetic femoral head was assumed to be cobalt-chrome alloy (E ¼ 200 GPa, n ¼ 0.3). Idealised frictionless contact was modeled between the polyethylene liner and prosthetic head. All bone and cup materials were considered to be locally isotropic and linear-elastic.
Each intact acetabulum was virtually reamed by Boolean operation in order to generate a diametric interference fit of 0.3 mm. This interference fit is consistent with in vivo and in vitro studies that have found the exact dimensions of the reamed acetabulum to be different from the dimensions of the last-reamer used. 21 The reamer was aligned parallel to the mouth of the acetabulum in order to match the intact acetabular inclination and anteversion. 22 The subchondral bone plate was assumed to be removed during reaming and the cavity extended to the acetabular fossa, consistent with surgical practice. 23 The insertion of an acetabular cup into the reamed acetabular cavity followed by a complete level gait cycle were simulated in each hemipelvis model (ABAQUS/Explicit v6.13). The acetabular shell and liner were inserted as one into the reamed cavity by displacement control from a position outside the hemipelvis. The displacement was applied to the cup rim to advance it along the axis perpendicular to the mouth of the reamed cavity until it pressed against the acetabular floor. To allow energy to dissipate during elastic spring back of the cup, viscous damping with a coefficient of 0.2 was applied to the cup for 0.45s of simulation time and then released. The cup settled to an equilibrium position after damping was released which produced a gap between the implant and bone at the polar region, as observed in previous studies. 21 Following insertion, one complete gait cycle load was applied in 50 discrete samples to the base of the prosthetic femoral head. The hip joint contact forces were adopted from a level walking trial of a male patient in the Orthoload dataset (H6R) who was closest in age to the mean age in this study and was scaled to the bodyweight of each subject. 24 To understand the predicted primary stability of the cup, the output metrics assessed were (i) polar gap; (ii) 95th percentile composite peak micromotion (CPM); (iii) maximum change in polar gap throughout gait; and (iv) potential ingrowth area. The polar gap was measured between the pole of the cup and bone at its equilibrium position following insertion. Micromotion was measured as the magnitude of 
† Mean bone elastic modulus was not normally distributed. As such, the median and range are displayed. A Mann-Whitney U test was performed to compare male and female groups for this factor.
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the relative displacement between cup-bone node pairs relative to the zero-load condition throughout the gait cycle. Composite Peak Micromotion (CPM) was the peak micromotion of each node on the cup surface which occurred during the gait cycle. 25 The potential ingrowth area is a measure that indicates the amount of cup surface over which bone ingrowth may occur and corresponds to the clinical assessment of radiolucency of radiographs of hip prostheses. 6 It was computed as the percentage of the cup surface area associated with cup nodes that had a normal gap distance within 50 mm of the bone 26 at all times during gait, and a composite peak tangential micromotion of less than 150 mm. The maximum change in polar gap was calculated as the difference between the smallest and largest polar gaps throughout gait. The change in gap between the cup and bone may indicate the potential for pumping of particulate debris dispersed within joint fluid to the periprosthetic joint space during loading. 4 To investigate whether patient-related factors contributed to the variation in primary stability, the parameters studied were (i) gender; (ii) intact acetabular diameter; (iii) acetabular depth; (iv) mean elastic modulus in the reamed cavity; and (v) bodyweight. The acetabular diameter was taken to be the diameter of a best-fit sphere fitted to the intact acetabulum. The acetabular depth was measured from the mouth of the acetabulum to the acetabular fossa along the normal vector of a plane on the acetabular rim. Mean elastic modulus in the cavity gives an indication of bone quality and has been previously investigated in FE studies. 7, 9 Bodyweight was only analysed for the output metrics relating to the gait cycle.
Separate simple linear regressions were performed (IBM SPSS Statistics v23.0) between the patient-related factors as independent variables and primary stability output metrics as dependent variables. The proportion of the variance in the output metrics that was explained by the patient factors was assessed with the coefficient of determination (R 2 ). In addition, the patient-related factors were categorised into quartiles and differences in the groups of the output metrics were evaluated using a Kruskal-Wallis test followed by pairwise comparisons with the Dunn-Bonferroni adjustment.
RESULTS
Of the 103 hemipelvis models in the cohort, 51% were female and 49% were male. Independent-samples t-tests were performed to determine if there were differences in patient demographic data between males and females (Table 1 ). There were no statistically significant differences in age or bodyweight between genders but differences existed in acetabular geometry. Males had significantly larger intact acetabulum diameters (p < 0.0005) and acetabular depths (p < 0.0005) than females. The assumption of normality was not met for mean elastic modulus of acetabular bone, therefore a Mann-Whitney U test was performed to determine whether differences existed between genders but a statistically significantly difference was not found (p ¼ 0.78).
Gaps between the cup and bone were observed at the cup pole in all subjects following insertion. Polar gaps showed a non-normal distribution ( Fig. 1) with a median value of 467 mm and ranging between 284 and 1,112 mm. The distribution of the 95th percentile CPM was non-normal, with a median value of 136 mm and a range of 18-624 mm (Fig. 2) . Regression analysis indicated no relationship between polar gap and the 95th percentile CPM (R 2 < 0.01, p ¼ 0.74). The 95th percentile CPM mostly occurred during stance phase of gait, between 40 and 60% of the loading cycle (Fig. 3) . The 95th percentile CPM between these phases of gait had a range of 26-591 mm. The potential ingrowth area had a range in the cohort of 0.2-51% (Fig. 4) . The distribution was non-normal, with a median value of 14% and 24 subjects had a potential ingrowth area of less than 5% (An extended version of Fig. 4 further illustrating the spatial variation in potential ingrowth area in the cohort has been included as supplementary material Fig. S2 ). The distribution of the maximum change in polar gap throughout gait was non-normal, with median value of 59 mm and a range of 9-184 mm. Most values occurred between 20 and 80 mm (Fig. 1) . 
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Two distinct equivalent strain patterns were observed in the acetabular cavities following cup insertion (Fig. 5) . Areas of high strain indicated the location of bone compression on the cup and subjects were subjectively categorised based on having a "rimdominant" strain pattern (N ¼ 53) or "uniform" strain pattern (N ¼ 50). The equivalent strain in all acetabular cavities exceeded the cancellous bone yield strain of 7,000 mstrain in some areas. The median equivalent strain in the cavities had a range of 2,194-20,000 mstrain. There were statistically significant differences in polar gap (p ¼ 0.002), potential ingrowth area (p < 0.0005), and maximum change in polar gap (p ¼ 0.001) between the two strain pattern groups (Fig. 6) .
Linear regression did not indicate strong relationships between the primary stability output metrics and the patient-related factors studied ( Table 2 ). The highest-ranking relationship occurred between the 
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O'ROURKE ET AL. polar gap and the intact acetabular depth. As normal distribution was not observed for the polar gap, a reciprocal transformation was applied for linear regression. While a trend was observed between polar gap and intact acetabular depth, a strong linear relationship could not be demonstrated (R 2 ¼ 0.4). A similar trend was suggested with polar gap and acetabular diameter but a strong association could not be demonstrated (R 2 ¼ 0.2). All other relationships between output metrics and patient-related factors were not evident with regression (R 2 < 0.2). Plots of the R 2 values as a function of the number of subjects for the three strongest correlations indicated that the R 2 values reached saturation with data from approximately 50 subjects (Fig. S1 ). The addition of data from a new subject There was a decreasing trend in polar gap when the intact acetabular depth was categorized into quartiles (Fig. 7) . Post hoc analysis revealed the polar gaps in <24 mm quartile group were significantly larger than in the 26-29 and >29 mm groups (p < 0.0005 and p < 0.0005). The polar gaps in the 24-25 mm group were also statistically significantly higher than the 26-29 and >29 mm groups (p ¼ 0.015 and p < 0.0005). A similar trend in polar gap and group differences were observed for the intact acetabular diameter groups (Fig. 8) . Females had significantly larger polar gaps than males (p < 0.0005) (Fig. 9) .
A deceasing trend in 95th percentile CPM was observed from the first quartile to the fourth quartile of the mean elastic modulus (Fig. 10) . Post hoc analysis revealed a significantly higher micromotion in the <124 MPa group than the 124-148 MPa and >198 MPa groups (p ¼ 0.02, and p < 0.0005). Predicted micromotion in the 149-198 MPa group was statistically significantly higher than the >198 MPa group (p ¼ 0.02). Micromotion was also statistically significantly different between bodyweight groups. Post hoc analysis revealed significant differences between the <61 kg group and 71-83 kg group (p ¼ 0.01) and the 61-70 kg and 71-83 kg groups (p ¼ 0.04) (Fig. 11) . A trend of decreasing maximum polar gap change was observed in quartile groups of elastic modulus and statistically significant differences were present between groups (p ¼ 0.007). Post hoc analysis revealed the <124 MPa group was statistically different to the >198 MPa group (p ¼ 0.005) (Fig. 11) . No trends within quartile groups could be demonstrated between potential ingrowth area and the patientrelated factors studied.
DISCUSSION
The aims of this study were to explore the variation in predicted primary stability of a cementless acetabular cup in a cohort of patient-specific finite element models and investigate the association between 
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patient-related factors and primary stability. Regression analysis did not indicate clear linear relationships between any tested patient-related factor and the primary stability output metrics. However, when variables were categorized into quartiles, differences between groups suggested higher polar gaps occurred in subjects with smaller acetabular diameters and shallower depth. Meanwhile, there was evidence of higher micromotion and change in polar gap during gait in higher bodyweight and lower elastic modulus quartile groups.
There was a wide variation in interfacial gaps and micromotion predicted in this study for the Pinnacle 1 cup in the cohort of implanted hemipelvis models. The Pinnacle 1 cup is one of the most widely used cementless cup designs and has been associated with longterm clinical success. The Australian Orthopaedic Association National Joint Replacement Registry reported 10-year survivorships of 92.8-97.9% for non metal-on-metal hip prostheses with Pinnacle
1
. 27 In addition, clinical reports have demonstrated good clinical outcomes 28 and very low revision rates for aseptic loosening after 10 years. 29, 30 Therefore, the variation in interfacial gaps and micromotion predicted in the study may provide a suitable benchmark for future comparisons with new acetabular cup designs simulated in the same set of models.
While the extent of the polar gaps was variable within the cohort, 64 of the 103 subjects had polar gaps below 500 mm and 99 subjects had below 1,000 mm. This distribution of polar gaps was comparable to Schmalzried et al. 31 and Udomkiat et al. 32 who reported gaps to measure mostly below 500 mm and never greater than 1,000 mm on series of initial postoperative radiographs. An in vitro study found gaps near the polar region had a range of <1,000-1,370 mm for various interference fits. 21 The difference in polar gap between genders and in acetabular diameter and depth groups suggested larger polar gaps occurred in smaller acetabula. This trend is similar to Adler et al. 33 who found that small or shallow cavities in foam blocks compromised full seating of the cups. Based on findings of larger polar 
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gaps in cadaveric specimens with higher interference fits, MacKenzie et al. 21 postulated that larger gaps occur with the insertion of smaller components into smaller acetabulae when the same interference fit is performed. This may be a consequence of higher relative cup-bone stiffness during insertion, due to the proportionally larger volume change in a small acetabulum, resulting in larger polar gaps.
The predicted 95th percentile CPM most commonly occurred between 40 and 60% of the gait cycle, when the hip joint is in extension. 34 This is in agreement with Spears et al. 9 and Hsu et al. 35 who reported peak micromotion occurred at 40% of gait when loads were not at peak value. Pakvis et al. 8 found the largest micromotions at the beginning of the swing phase (63%) of gait, which occurred in a smaller proportion of the subjects in this study. However, the 95th percentile CPM was higher in magnitude than micromotion predicted in previous FE models. 9, 36 The magnitudes were in closer agreement to Pakvis et al. 8 who reported micromotions were much greater than 150 mm in three different press fit cups with interference fits of 1.5-2 mm. Higher micromotion may have been observed in this study because of the lower interference fit and elastic modulus within the acetabular cavity than previously applied in FE studies which have both been shown to affect micromotion in models. 7, 9 Subjects with rim-dominant strain patterns had higher potential ingrowth area than uniform strain pattern which suggests that compression at the rim may resist tangential micromotion more than at the floor of the acetabulum. However, subjects with rimdominant strain pattern had greater polar gaps which allowed for higher changes in the polar gap during gait than uniform strain pattern. The larger interfacial gaps and greater gap changes may provide more access for joint fluid and particulate debris to penetrate the periprosthetic joint space. 4 The median equivalent strain values in the cavities were in accordance with maximum principal strain in previous FE models also using a linear elastic assumption. 37, 38 However, equivalent strains predominantly exceeded 
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O'ROURKE ET AL. the yield criterion of 7,000 mstrain for cancellous bone 39 in all subjects and the values may not have represented values in vivo.
Trends in micromotion and maximum polar gap changes suggested more motion of the cup occurred in higher bodyweight and in lower elastic modulus groups. Previous clinical studies have not found increased bodyweight to influence the failure of cementless cups 40 or increased risk of loosening in obese (BMI > 30) versus non-obese groups. 41 However, there is some evidence to suggest higher aseptic loosening and increased risk of mechanical failure of the cup occurs in obese patients within 5 years. 42 Previous FE studies on cementless cup stability found poorer bone quality resulted in higher micromotion at the bone-implant interface. 6, 7, 9 Ong et al. 6 found lower elastic moduli increased the change in gap volume after loading and unloading of the peak gait force.
The cups demonstrated limited potential ingrowth areas and variable ingrowth patterns in the cohort. In a previous FE study, Ong et al. 6 found higher potential ingrowth areas (15-30%) in a single subject than in this study using the same measurement criteria. Compared with porous-coated acetabular cups retrieved post mortem, the potential ingrowth areas found in this study were similar to the bone ingrowth areas found by Bloebaum et al. 43 in seven cups (mean 12%, range 4-21%), higher than found by Sumner et al. 44 in 25 cups (median 3.6%, range 0-85%) but lower than reported by Engh et al. 45 in nine cups (mean 32%, range 3-84%). The potential ingrowth area of compared well with the distribution of bone ingrowth area in 23 Pinnacle 1 shells retrieved by Swarts et al. 46 and there was agreement in the proportion of cups with an ingrowth area below 5% (23% vs.26% in Swarts et al.).
There were limitations in this study. The CT scans used comprised of cadavers with no obvious signs of hip disease. However, the age and BMI of the subjects in this study was in accordance with national joint registries who report most total hip arthroplasty recipients to be between 65 and 
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74 years and have a BMI between 20 and 40 at the time of surgery. 47, 48 In addition, the mean apparent densities and elastic moduli were similar to bone density measurements adjacent to cementless cups made on initial post-operative CT scans of 26 patients with a mean age of 67.6 years at the time of surgery. 49 The effect of plastic deformation or viscoelastic behaviour of bone were not taken into consideration in the models. Higher periacetabular strains are expected with linear-elastic behaviour which may overestimate the level of compression of the bone on the cup and thus underestimate micromotion. The forces applied to the hip joint were adopted from one walking trial of a subject. Walking is the most common dynamic activity undertaken by total hip arthroplasty recipients 50 but the primary stability of the cup may be more sensitive to the hip joint loading of other activities such as stair climb. 36 Scaling the forces from one walking trial to the bodyweight of each subject did not consider the inter-patient variability in gait pattern. The level walking trial of a patient from the Orthoload dataset (H6R) who was closest in age to the mean age in the cohort was selected. Frictional forces generated at the bearing surface of the implanted hip joint were not considered in the models. Friction arises due to shear transfer over the interface with the highest magnitudes occurring in prostheses with large diameter metal-on-metal bearings. 51 The prosthesis simulated in this study had metal-onpolyethylene bearings with small-diameter femoral heads (28 and 36 mm) which have sufficiently low frictional torques that are unlikely to overload the bone-cup interface. 51 The contribution of pelvic muscle forces to the loading conditions were not considered in the models. In order to provide a more realistic creation of polar gaps during insertion, viscous damping was applied to the cup. While the method has not been experimentally validated, the polar gaps measured in the study were consistent with previous in vivo and in vitro studies.
In conclusion, this study presented the variation in predicted primary stability of the Pinnacle 1 cup in a large cohort of FE models and investigated the association with patient-related factors. The study cannot be wholly conclusive on the relationship between patient-related factors and primary stability of the cup. However, observed trends suggest the polar gap was influenced by acetabular geometry and cup motion during gait was affected most by elastic modulus and bodyweight. By considering patient variability in the primary stability of an established cementless acetabular cup, this work can play a role in the comprehensive pre-clinical assessment of future cementless acetabular cup designs.
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